Congenital anomalies of the kidneys and urinary tract (CAKUT) are the leading cause of CKD in children, featuring a broad variety of malformations. A monogenic cause can be detected in around 12% of patients. However, the morphologic clinical phenotype of CAKUT frequently does not indicate specific genes to be examined. To determine the likelihood of detecting causative recessive mutations by wholeexome sequencing (WES), we analyzed individuals with CAKUT from 33 different consanguineous families. Using homozygosity mapping and WES, we identified the causative mutations in nine of the 33 families studied (27%). We detected recessive mutations in nine known disease-causing genes: ZBTB24, WFS1, HPSE2, ATRX, ASPH, AGXT, AQP2, CTNS, and PKHD1. Notably, when mutated, these genes cause multiorgan syndromes that may include CAKUT as a feature (syndromic CAKUT) or cause renal diseases that may manifest as phenocopies of CAKUT. None of the above monogenic disease-causing genes were suspected on clinical grounds before this study. Follow-up clinical characterization of those patients allowed us to revise and detect relevant new clinical features in a more appropriate pathogenetic context. Thus, applying WES to the diagnostic approach in CAKUT provides opportunities for an accurate and early etiology-based diagnosis and improved clinical management.
Congenital anomalies of the kidneys and urinary tract (CAKUT) are the leading cause of CKD in children, accounting for .40% of patients. 1 CAKUT features a broad variety of structural malformations, such as renal agenesis, renal hypodysplasia, multicystic dysplastic kidney, hydronephrosis, ureteropelvic junction obstruction, megaureter, ureter duplex, vesicoureteral reflux (VUR), and posterior urethral valves. 2, 3 CAKUT may appear as an isolated feature or part of systemic conditions that encompass extrarenal manifestations 2, 3 ; .200 recessive and dominant monogenic syndromes have been described involving renal or urinary anomalies as one of their features. 4 Recently, it was shown that a monogenic cause can be detected in approximately 12% of patients. 2, [5] [6] [7] [8] The documented mode of inheritance in most published pedigrees is compatible with an autosomal dominant inheritance with variable expressivity and incomplete penetrance. 2 However, several CAKUT-causing genes with autosomal recessive mode of inheritance have been recently identified. 5, 9, 10 Nevertheless, in the clinical practice, the genetic basis of most patients with CAKUT is elusive because of a very weak genotypephenotype correlation. To determine the likelihood of detecting causative recessive mutations in CAKUT by whole-exome sequencing (WES), we have analyzed individuals with CAKUT from 33 consanguineous families. We used homozygosity mapping combined with WES 11 to detect recessive monogenic disease-causing genes of CAKUT. Using this strategy, we identified the causative mutations in nine of the 33 families studied (27%). In all nine families, we established a specific etiologic genetic diagnosis that was not made on the basis of the patient's clinical findings.
We have previously shown that recessive-causing mutations can be identified in a high percentage of individuals if (1) consanguinity of the parents is present and (2) a combination of homozygosity mapping with WES is applied. 11, 12 We, therefore, selected, of approximately 700 families with the diagnosis of CAKUT that were referred to us from worldwide sources, 33 unrelated individuals from consanguineous families for homozygosity mapping and WES. All patients were referred to us by a pediatric nephrologist who made a clinical diagnosis of CAKUTon the basis of renal imaging studies. Mutations in all genes known to be mutated in isolated CAKUT in humans were excluded previously in this cohort. 6 In addition, a clinical diagnosis of a known monogenic syndrome had not been previously made in any of the patients.
We used homozygosity mapping in combination with WES as previously described 11, 12 to detect recessive homozygous disease-causing mutations. We also performed a separate analysis using individuals' WES data for X-linked diseases. All families had evidence of consanguinity, with an average proportion of the genome exhibiting homozygosity by descent of 290 Mb (range =34-546 Mb). This is, on average, compatible with a first cousin marriage of the parents of the affected individual. After WES, genetic variants were filtered to retain only homozygous nonsynonymous and splice variants found in homozygous by descent regions. Next, we used strict criteria for allele calling of causative recessive mutations as shown in Supplemental Material and in line with proposed guidelines. 13 After homozygosity mapping and WES, we detected recessive mutations in nine known disease-causing genes: WFS1, ZBTB24, HPSE2, ATRX, ASPH, AGXT, AQP2, CTNS and PKHD1 ( 14 Wolfram syndrome is a neurodegenerative disease that can be associated with variable clinical manifestations, including renal structural abnormalities. These abnormalities include urethral sphincter disturbances, neurogenic bladders, VUR, and hydronephrosis. As a result, recurrent urinary tract infections are a common finding. 14 It is estimated that around 58% of patients with Wolfram syndrome have urinary tract abnormalities. 15 This patient had no additional typical syndromic findings, such as diabetes mellitus, deafness, and diabetes insipidus. However, the patient had spina bifida, which is a common finding in Wolfram syndrome. 16 In patient A3853, we identified a highly conserved missense mutation affecting a zinc finger coding domain of the gene ZBTB24. The disease phenotype included bilateral VUR, intellectual disability, growth retardation, and deafness. Mutations in this gene lead to the rare syndrome immunodeficiencycentromeric instability facial anomalies, a diagnosis that was not established previously in this patient. 17 This syndrome features pleiotropic clinical presentations, which include immunodeficiency of variable extent, developmental delay, intellectual disability, and mild facial dimorphism. Immunodeficiencycentromeric instability facial anomalies has also been reported to include congenital malformations, including CAKUT. 18 Patient B268 presented with isolated CAKUT and was found to harbor a previously reported truncating mutation in the gene HPSE2. 19 This gene is responsible for urofacial syndrome. 19, 20 This syndrome, also known as Ochoa syndrome, is characterized by typical distorted facial expression with smiling or laughing expression as well as bladder malfunctions leading to voiding dysfunction, recurrent urinary tract infections, and other accompanying features of CAKUT. After establishment of the molecular genetic diagnosis, we contacted the primary nephrologist who originally recruited this patient at a very young age and asked him to look for the typical facial grimacing associated with this syndrome. In a follow-up clinical examination, the patient was found to exhibit the syndrome-typical distorted facial expression with smiling ( Figure 1 , A-C). This highlights the difficulty in diagnosing subtle phenotypes, such as facial finding, at a very young age and the benefits of early molecular genetic diagnosis.
Patient B407 presented with CAKUT and nonspecific extrarenal features of seizures and global developmental delay. He was found to harbor a novel truncating mutation in the gene ATRX affecting the plant homeodomain-like domain. ATRX was originally described as a severe form of X-linked mental retardation associated with urogenital abnormalities, facial dysmorphism, and a-thalassemia. 21 Later, the clinical spectrum was extended to clinical phenotypes without a-thalassemia, predominantly among patients harboring mutations affecting the protein plant homeodomain-like domain, similar to our patients. 22 Similarly, our patient with VUR ( Figure 1D ) did not have a-thalassemia. Lastly, patient A3813 was found to harbor a novel conserved missense mutation in the gene ASPH. He This information was obtained after the genetic diagnosis by gene-specific direct phenotypic characterization ( Figure 1 ).
e This mutation is predicted to change conserved adenine, thymine donor site and be deleterious using three different in silico splice prediction software (MaxEnt, NNSPLICE, and HSF).
f After the genetic diagnosis, a revision of the patient's renal ultrasound revealed multiple calcification.
g After the genetic diagnosis, a water deprivation test as well as a vasopressin stimulation test revealed that the patient has nephrogenic diabetes insipidus.
h After the genetic diagnosis, the patient's primary nephrologist reported that the patient has unexplained Fanconi syndrome and hepatomegaly.
J Am Soc Nephrol 27: ccc-ccc, 2016 Whole-Exome Sequencing in CAKUT presented with VUR and lens dislocation. This gene was recently reported to be mutated in the genetic cause of Traboulsi syndrome, which features characteristics finding of lens dislocation. 23 Although CAKUT has not been previously reported as part of this syndrome, it is plausible that VUR is a feature of the syndrome, because ASPH is highly expressed in the lower urinary tract (http://www.proteinatlas.org and http://www.gudmap.org/index.html). Surprisingly, in four individuals, we identified mutations in genes known to cause nonsyndromic kidney diseases (i.e., AGXT, AQP2, NDI, CTNS, and PKHD1) ( Table 1 , phenocopies with CAKUT). This shows that these diseases apparently represent clinical phenocopies of CAKUT. In our follow-up analysis of all four patients, we were able to contact the recruiting physician to further deepen the phenotypic characterization in light of having detected the disease-defining causative monogenic mutations.
Patient A3871 presented with hypertension. Subsequent evaluation revealed that he had ESRD and bilateral small kidneys, initially suspected to be the result of congenital bilateral renal dysplasia. Identification of a homozygous splice site mutation in AGXT (Table 1 , phenocopies with CAKUT) enabled us to establish the unexpected etiologic diagnosis of hyperoxaluria type 1. Recessive mutations of AGXT have been reported previously to cause a nephronophthisis-like phenotype 12 and therefore, may also phenocopy renal cystic ciliopathies. Both conditions, CAKUT and nephronophthisis, can ultrasonographically present similarly with features of echogenic kidneys. 24 In a follow-up analysis with the referring physician, a revision of the renal ultrasound of this patient showed multiple calcification in addition to small kidneys, cortical echogenicity, and loss of corticomedullary differentiation. The former may represent calcium oxalate depositions, which in retrospect, coincide with the genetic diagnosis. This finding is in line with previous reports showing that primary hyperoxaluria has a heterogeneous clinical phenotype, 25 often leading to a delayed diagnosis. 25, 26 Moreover, in the setting of early childhood ESRD, a diagnosis of hy peroxaluria can be confused with bilateral congenital renal hypodysplasia, and therefore, a molecular genetic analysis for those patients is important.
Patient A3879 was referred to our attention because of bilateral renal hypodysplasia evident by renal ultrasound at 1 year of age. Postnatally, he had hypoxic ischemic encephalopathy and secondary brain calcifications. We identified a previously reported missense mutation in AQP2 (Table 1 , phenocopies with CAKUT). Review of his medical history revealed that he initially presented with fever and polyuria, supporting the diagnosis of his overlooked congenital NDI. The AQP2 mutation that we identified was previously described in two brothers with congenital NDI who originate from the same geographic region as our patient and therefore, may represent a founder mutation. 27 The role of AQP2 mutations as phenocopying CAKUT is evident in the Aqp2 null mouse model, which presents with neonatal mortality from kidney failure, hydronephrosis, and renal tubular abnormalities. 28, 29 This association is thought to be caused by urinary overflow obstruction, leading to secondary renal damage. Alternatively, as recently suggested, AQP2 may play an additional role during kidney development as an integrin binding membrane protein that promotes cell migration and epithelial morphogenesis. 30 Follow-up analysis with the referring physician revealed that the patient has a urine concentration defect with urine osmolality of 180 mosM and a loss of rise in urine osmolality after water deprivation test and vasopressin stimulation.
In patient A3913 who presented with hydronephrosis, VUR, growth retardation, and skeletal deformities, we identified a previously reported pathogenic mutation that causes cystinosis (Table 1 , phenocopies with CAKUT). 31 Follow-up analysis with the referring physician revealed that the patient had renal Fanconi syndrome and hepatomegaly. Both findings further support the genetic diagnosis of cystinosis. Surprisingly, the patient's corneal examination was normal, showing no corneal cystine crystal formation. Nonetheless, this incomplete clinical presentation has been described in cystinosis before, leading to a missed diagnosis of cystinosis. 32, 33 Finally, in patient A3772, who was diagnosed with CAKUT, we detected a previously reported disease-causing missense mutation in the gene PKHD1. 34 Specifically and similar to in our patient, this mutation has been reported to lead to a late-onset phenotype. Followup analysis with the referring physician revealed that the patient has had gallbladder stones, dilated segmental intrahepatic biliary radicles, and mild common bile duct dilation (Figure 1 , E and F). These anomalies (also known as Caroli disease) are associated with PKHD1 mutations, 35 thereby confirming the clinical diagnosis in retrospect.
In this study, we examined a group of 33 unrelated consanguineous families with CAKUT for the presence of autosomal recessive disease-causing mutations. We identified nine different causative mutated genes in nine of 33 individuals (27%). In five families, we found predominantly CAKUT phenotype in genes known to cause syndromic CAKUT if mutated. In four families, we found mutations in genes that apparently may phenocopy CAKUT. None of the above disease-causing mutations were suspected on clinical grounds before this study, and affected patients were not clinically distinguished from other patients with CAKUT. In all patients available for follow-up, a molecular genetic diagnosis led to an unequivocal etiology-based diagnosis.
Our study highlights several important conclusions for the diagnosis of CAKUT. First, it shows that, for individuals with CAKUT, clinical diagnosis, renal ultrasound, and other renal imaging studies represent relatively blunt diagnostic tools, which may not be sufficient to establish the correct diagnosis. In this setting, WES offers a powerful and noninvasive tool for a precise, unequivocal, etiology-based diagnosis. Second, individuals with mutations in genes that cause syndromic CAKUT can initially present as isolated CAKUT or with a predominant CAKUT phenotype. As a result, pediatric nephrologists, who may be the first clinicians to be approached, should be aware that there are .200 different multiorgan syndromes that can have CAKUT as one of their features. 4 Third, the diagnosis of CAKUT in the context of existing CKD may be challenging. Patients may present late in the CKD course with bilateral small kidneys, a common pathway for numerous other CKD etiologies that cannot easily be distinguished. Fourth, rare genetically heterogeneous syndromes probably are responsible for a significant number of cases of CAKUT in children but very difficult to diagnose, especially at early disease stages and in patients with nontypical or incomplete disease presentation.
In retrospect, the clinical courses of most respective patients were typical for the gene found to be mutated. Nonetheless, the primary physicians had not fully established the diagnosis clinically at the time of study. In each patient, the clinical phenotype still suggested multiple causative genes. Evaluation of WES data for the candidate genes in question is now considered the gold standard for molecular genetic diagnostics. This takes into account that, today, WES is not more expensive than sequencing of candidate gene panels.
Our study shows that, for patients from consanguineous families, by using the WES approach, an etiologic diagnosis can be made in a very high percentage of patients. The advent of WES in consanguineous families often leads to correction of a diagnosis made on clinical grounds, because monogenic mutations allow the clinician to arrive at an unequivocal etiologic diagnosis. This approach may reveal a syndrome or kidney disease that otherwise would not be suspected solely from the patient's clinical presentation. In some cases, such as primary hyperoxaluria, for example, this would have very important therapeutic consequences.
CONCISE METHODS

Study Participants
After informed consent, we obtained clinical data, blood samples, and pedigrees from individuals with CAKUT. Approval for research on humans was obtained from the Boston Children's Hospital and the University of Michigan Institutional Review Board. The diagnosis of CAKUT was made by (pediatric) nephrologists on the basis of standardized clinical and renal ultrasound criteria. Clinical data were obtained using a standardized questionnaire (http://www. renalgenes.org). Mutations in the following 17 genes known to be mutated in isolated CAKUT in humans were excluded by highthroughput multiplex PCR and next generation sequencing 6 before this study: BMP4, BMP7, CDC5L, CHD1L, EYA1, GATA3, HNF1B, PAX2, RET, ROBO2, SALL1, SIX1, SIX2, SIX5, SOX17, UMOD, and UPK3A. HNF1B deletions were excluded by quantitative PCR in individuals with the CAKUT phenotype of renal hypodysplasia. 6 
Homozygosity Mapping
For genome-wide homozygosity mapping of the 33 families, GeneChip HumanMapping 250,000 StyI Array (Affymetrix, Santa Clara, CA) was used. Genomic DNA samples were hybridized and scanned using the manufacturer's standard protocol at the University of Michigan Core Facility (www.michiganmicroarray.com). Regions of homozygosity were identified using GENEHUNTER 2.11 and ALLEGRO with a disease allele frequency of 0.0001 and marker allele frequencies of white descent. Genetic regions of homozygosity by descent (homozygosity peaks) were plotted across the genome as candidate regions for recessive genes as previously described. 11, 12 Whole-Exome Resequencing WES was performed using genomic DNA isolated from blood lymphocytes and later processed using Agilent SureSelect Human Exome Capture Arrays (Life Technologies, Carlsbad, CA) with next generation sequencing on an Illumina sequencing platform at the Broad Institute (Cambridge, MA).
Mutation Calling
Sequence reads were mapped to the human reference genome assembly (National Center for Biotechnology Information build 37/ hg19; www.genome.ucsc.edu) using CLC Genomics Workbench (version 6.5.1) software (CLC Bio, Aarhus, Denmark) as previously described. 12 Mutation calling was performed by a team of clinician scientists who had knowledge of the clinical phenotypes and pedigree structure as well as experience with homozygosity mapping and exome evaluation as previously described. 11, 12 
